Age-related thymic involution causes a decreased output of thymocytes from the thymus, thereby resulting in impairment of T cell-mediated immunity. While alterations in the T cell and non-haematopoietic stromal compartments have been described, the effects of thymic involution on thymic dendritic cells (DC) are not clearly known. Thymic DC play an essential role in shaping T cell-mediated immune responses by deleting self-reactive thymocytes to establish central tolerance and by inducing regulatory T-cell (Treg) development. It is therefore important to assess the prevalence of and alterations to thymic DC with age, as this may impact on their function. We assessed the numbers and proportions of the three distinct subsets of thymic DC in ageing mice, and showed that these subsets are differentially regulated. This is expected as thymic DC subsets have different origins of development. We further assessed the responses of thymic DC in a regenerative environment, such as that induced by sex-steroid ablation (SSA), and clearly showed that, consistent with global thymus regrowth, all three DC populations increased in numbers and regained their relative proportions to thymocytes after an initial lag period. These findings are important for the clinical translation of thymic regenerative approaches, and indicate that SSA facilitates the maintenance of critical processes such as negative selection and Treg induction through promoting thymic DC regeneration. 
INTRODUCTION
The thymus has a central role in the deterioration of the immune system with age due to its natural involution.
1 Some thymic decline is initially apparent from as early as the first year in humans, but then thymus undergoes more pronounced degeneration from puberty such that by ,25 years of age, the thymus has decreased to approximately 50% of its size at birth progressing through to ,10% capacity by the fifth and sixth decades. 2 While the mechanisms of thymic involution have not been precisely defined, there is a clear correlation with the influence of sex steroids, the removal of which reverses thymic atrophy in animal models.
1, [3] [4] [5] [6] [7] [8] The progressive decrease in thymus size with age is associated with a loss in thymic epithelial cells and a concomitant decrease in thymopoiesis 9 leading to a reduced thymic output of naive T cells. 8, [10] [11] [12] Although homeostatic proliferation ensures that the number of T cells in the periphery is maintained, the T-cell receptor repertoire is decreased due to greater clonal expansion of fewer thymic exported T cells. 13, 14 The T-cell population becomes disproportionately high for memory T cells as the naive T cells become progressively exposed to environmental antigens. [15] [16] [17] Thus, attrition of the thymus contributes to the impairment of T cell-mediated immunity seen in the aged population and in patients recovering from chemotherapy or suffering from immunoablative diseases such as HIV. Full immune recovery is dependent on high thymic output of naive T cells to replenish the peripheral pool. 18 Consequently, there is considerable clinical interest in developing strategies to improve immune reconstitution, one of which is to regenerate the involuted aged or damaged thymus (reviewed in Ref. 19 ).
The inhibition of sex steroids has a dramatic impact on reversing the age-related degeneration of the thymus. Clinically, a reversible reduction in sex steroids is achieved by the agonist variants of luteinising hormone releasing hormone (reviewed in Ref. 20) . In mouse models sex-steroid ablation (SSA) can be achieved through surgical or chemical castration (reviewed in Refs. 4 and 20-22) , which in both cases results in the regeneration of the thymus and thymopoiesis, thereby increasing the number of naive T cells and providing a more diverse T-cell receptor repertoire in the periphery. Following SSA in male mice, there was an improvement in immune reconstitution in young (4-6 weeks), adult (3 months), middle-aged (9 months) and aged (18-24 months) mice in several immunocompromised models. 1, 8, 23, 24 Increased proliferation was evident in early thymocyte subsets such that by 14 days post-castration, the aged thymus resembled a young thymus in cellularity. 8, [23] [24] [25] SSA also induces changes outside the thymus with increases in immature cell types and lymphoid progenitors, such as haematopoietic stem cells and Lin 2 Sca-1 1 c-Kit 1 cells, which are evident in the bone marrow. This leads to an increase in all immature B-cell subsets 23, 24 and also likely contributes to the increase along the developmental pathway of thymocytes.
could potentially be disrupted in the regenerative thymus with immunological consequences, particularly with regard to self-tolerance and autoimmunity. In the steady-state adult thymus, DC are a rare population of cells (around 0.5% of total thymus cells). 29 [29] [30] [31] The CD8a 1 cDC develop in parallel with T-lineage cells from an intrathymic precursor and have been suggested to play a role in the selection of these developing thymocytes, whereas the Sirpa 1 cDC enter the thymus from the bloodstream. 29, 32, 33 Thymic cDC play an important role in negative selection. [34] [35] [36] [37] [38] The Sirpa 1 cDC may function to induce negative selection to peripheral antigens 39 and the development of antigen-specific CD4 1 CD25 1 Foxp3 1 Tregs from CD4 1 thymocytes. 28 The function of the pDC in the thymus is not clearly defined.
To date, little is known about the effects of ageing on the distinct DC populations found within the mouse thymus. It is important to characterise the age-related changes in cell number and relative incidence for each of the distinct thymic DC populations, as these DC populations mediate different functions in thymocyte development. It is also important to determine the changes induced within these DC populations in the regenerative thymus following SSA, as DC are important in the selection of regenerating thymocytes and maintaining immune balance.
MATERIALS AND METHODS
Mice C57BL/6 mice were bred under specific pathogen-free conditions at the Walter and Eliza Hall Institute animal breeding facility or obtained from the University of Adelaide (Adelaide, SA, Australia) and the Animal Resource Centre (Perth, WA, Australia) and maintained at Mouseworks, Monash University (Melbourne, Vic., Australia). Young mice were defined as 8-12 weeks old, adult mice as 4-6 months old, middle-aged mice as 8-12 months old and aged mice as 16-24 months old.
Surgical castration
Male mice were anaesthetised and a small scrotal incision was made. The testes were sutured and removed, and then the wound was closed using surgical staples. Mice in surgical stress control groups underwent sham castration, wherein the same surgical procedure was followed but without removing the testes. Surgical procedures were performed according to the Animal Ethics Committee guidelines and approval from the Monash University Animal Welfare Committee.
DC enrichment
Cell preparations from spleen and thymus were performed as described in detail elsewhere. 30, 40 Briefly, organs were finely minced and digested at room temperature in collagenase (type III, Worthington Biochemical Corp., Freehold, NJ, USA) and DNAse (grade II bovine pancreatic DNAseI, Boehringer Mannheim, Mannheim, Germany). EDTA (5 mM) was then added to improve the release of DC. DC-enriched light density fractions were then obtained by centrifugation of cells in Nycodenz of density 1.076 g/ cm 3 for thymus preparations and 1.077 g/cm 3 for spleen preparations.
Flow cytometry analysis
Antibodies were purified and conjugated to fluorochromes as previously described. 30, 40, 41 To analyse DC subsets, cells were labelled with anti-CD11c-PECy7, anti-CD45RA-PE, anti-CD8a-APCCy7 and antiSirpa-APC. Conventional DC were defined as CD11c 1 CD45RA 2 and further subdivided into the CD8a 1 and Sirpa 1 subsets. Plasmacytoid DC were defined as CD11c int and CD45RA 1 . The activation levels of the DC subsets were assessed by staining with anti-CD40-FITC, anti-CD80-FITC, anti-CD86-FITC, anti-MHC class II-FITC and anti-CD69-FITC. In the whole organ-cell preparations, B cells were analysed by staining with anti-CD19-FITC and anti-CD45R-APC, T cells were analysed by staining with anti-CD8a-FITC or anti-CD4-PE and Tregs were analysed by staining with both anti-CD4-PE and anti-CD25-APC. Propidium iodide was added in the final wash to differentiate dead cells. Flow cytometric analysis was performed on a LSR II flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).
Statistical analysis
Significance was determined using the Mann-Whitney nonparametric test.
RESULTS

Changes in DC subsets in ageing mice
The CD8a 1 and Sirpa 1 cDC subsets and the pDC ( Figure 1a ) were monitored to assess changes in their proportions and phenotypes in ageing mice. Mice were defined as young (8-12 weeks old), adult (4-6 months old), middle-aged (8-12 months old) and aged (16-24 months old). As expected, the cellularity of the thymus decreased markedly as the mice aged 9 ( Figure 1b ). Accordingly, it was important to assess changes in DC populations in terms of their percentages (or proportions within the organ) as well as their total cell numbers.
Although the total numbers of the CD8a 1 cDC and pDC were reduced as the mice aged (Figure 1d and h), this parallelled the loss of total cells so there was no significant change in the proportion of these cells in the thymus of middle-aged mice (Figure 1c and g ). However, in aged mice there appeared to be a marked reduction of CD8a 1 cDC and pDC in both cell proportion and cell number. In contrast, the Sirpa 1 cDC subset showed no change in the number of cells present in the ageing thymus, which translated into an increased proportion of these cells in middle-aged and aged mice (Figure 1e and f).
These three DC subsets are also present in mouse spleen, and potential changes in the DC populations due to ageing were also assessed in this organ. In the spleen the distribution of DC subsets differs from that of the thymus with Sirpa 1 cDC representing the majority of cDC, and CD8a 1 cDC representing the minority (Figure 2a) . In contrast to the thymus, the spleen increases significantly in size as mice age (Figure 2b) . Hence, although the CD8a 1 cDC and pDC subsets did not change in cell numbers in ageing mice (Figure 2d and h), due to the increase in spleen cellularity they were present at a reduced proportion in aged mice (Figure 2c and g) . Similarly, although a significant reduction in the proportion of Sirpa 1 cDC subset was observed in aged mice, the cell number was only slightly reduced (Figure 2e and f) .
Furthermore, we determined the levels of surface expression on the DC subsets of molecules involved in DC activation and function, specifically the costimulatory molecules CD40, CD80 and CD86 and the antigen-presenting molecule MHC class II. [42] [43] [44] [45] The CD8a 1 cDC and Sirpa 1 cDC subsets did not show an altered activation phenotype in young, adult and middle-aged mice, in either organ (data not All DC subsets increased in number during thymic regeneration To examine whether DC populations can also be restored to the levels of young mice after surgical castration, the numbers of thymic and splenic DC populations were determined in castrated adult and middle-aged mice at 2, 4 and 6 weeks post-castration (Cx).
Increases in total thymic cellularity were assessed as an overall measure of regeneration. The cellularity of the thymuses of 5-and 10-month-old mice increased significantly for at least 6 weeks postCx, with a rapid increase seen at 2 weeks post-Cx (Figure 4a ). Total organ cellularity observed in the control, sham-Cx mice was similar to that seen in age-matched wild-type mice (Figure 4a ), indicating that stress associated with the sham-Cx operation had minimal impact on the thymus. Increased cellularity, to a smaller extent, was also seen in the spleens of castrated mice, and was sustained for at least 6 weeks post-Cx for mice of both age groups (Figure 4b) . Importantly, the DC populations also responded to castration by increasing numbers, although the three thymic DC subsets had different kinetics of regeneration which was age-dependent. The two cDC subsets increased in numbers by more than twofold at 2 weeks post-Cx in both the adult and middle-aged mice, relative to sham-Cx mice (Figure 5a) . However, by 4 weeks post-Cx, cell numbers of the cDC subsets were already decreased and were closed to sham-Cx levels at week 6 post-Cx. The increases in numbers of Sirpa 1 and CD8a 1 cDC at 2 weeks were not sufficient to maintain the proportions of these cells at sham-Cx levels in both adult and middle-aged mice, due to the Figure 3 Expression levels of activation molecules and MHC class II on pDC in the thymus and spleen of ageing mice. DC-enriched light density fractions of splenic and thymic cell preparations from pooled organs were analysed by flow cytometric analysis. DC, dendritic cells; pDC, plasmacytoid dendritic cells. Figure 4 Increasing cell numbers in the regenerating thymus, and spleen, following surgical castration. Total cell numbers were determined for (a) thymus and (b) spleen at 2, 4 and 6 weeks post-castration, in male mice castrated or sham-castrated at 5 or 10 months of age. For 5-month-old mice data were determined from pooled samples of four organs, whereas for 10-month-old mice data were determined from individual samples (n58) and represented as mean6SEM. As a control total organ cellularity for age-matched male mice was also included.
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significant increase in thymus cellularity (Figure 5b ). The decrease in cDC proportion was maintained in adult mice until 4 weeks post-Cx, due to the elevated thymic cellularity seen in these mice, and the proportion of cDC subsets attained normal sham-Cx levels at 6 weeks post-Cx. In middle-aged mice the proportion of the cDC subsets returned to sham-Cx levels at 4 weeks post-Cx, yet the proportion of these cells in the thymus dropped well below normal levels at 6 weeks post-Cx.
The number of cells in the pDC subset also increased following castration in adult and middle-aged mice, even at 6 weeks postCx in contrast to cDC cell numbers which were reduced almost to sham-Cx levels by this time (Figure 5a ). Similar to the cDC subsets, the pDC did not initially proliferate to the same extent as thymocytes resulting in a drop in proportion at 2 weeks post-Cx which returned to normal levels at 4 weeks post-Cx in both adult and middleaged mice (Figure 5b) . The elevated pDC numbers in adult mice resulted in an increased proportion of these cells at 6 weeks post-Cx, whereas in middle-aged mice, pDC proportions were significantly reduced when the numbers of thymocyte increased at 6 weeks post-Cx.
The regenerative process did not alter the activation phenotype of any of the thymic DC subtypes, as determined by expression levels of CD40, CD80, CD86, CD69 and MHC class II, at 2, 4 or 6 weeks postCx (data not shown).
In the spleen of Cx mice, in comparison to sham-Cx mice, the numbers of CD8a 1 cDC, Sirpa 1 cDC and pDC remained relatively unchanged (data not shown). However, as the spleen increased in cellularity post-Cx, the percentages of all three DC subsets appeared to be slightly reduced at 2, 4 and 6 weeks post-Cx. Similar to the thymic DC, the splenic DC subsets were not altered in activation phenotype during the regenerative process induced by castration (data not shown).
Changes in other cell subsets in mice undergoing thymic regeneration We monitored changes in T-lineage cells and other cell types within the regenerating thymuses of both adult and middle-aged mice at 2, 4 and 6 weeks post-Cx. T-lineage cells were the dominant cell type at all stages so their numbers reflected the total cell counts in the expanding thymus (Figure 4a ). The development of thymocytes appeared to proceed normally as the profiles of CD4
and CD4 2 8 1 thymocytes were similar to those of the young steadystate thymus (data not shown). In the spleen there was an increase in the numbers of CD4 1 and CD8 1 T cells at 4 and 6 weeks post-Cx (data not shown), indicating that by this time significant numbers of mature T-lineage cells were exported from the thymus to the periphery. These results agree with previous studies, 8, 46 showing that castrationinduced thymic regeneration results in a significant increase in T-cell development within the thymus and emigration into the periphery.
B cells also increased markedly in numbers in the regenerating thymus, although they were maintained at a reduced relative proportion. In the spleen, B cells increased significantly in numbers and percentages from 2 to 6 weeks post-Cx (data not shown), which was consistent with a previous study showing that castration of aged mice results in increases in B-cell progenitors and peripheral B cells, which are recent bone marrow emigrants. 47 
DISCUSSION
The ageing process has differential effects on the relative prevalence of CD8a 1 cDC, Sirpa 1 cDC and pDC in the thymus, although all types of DC do decline in absolute numbers with age. We have shown that the CD8a 1 cDC and pDC are maintained at the same relative proportions compared to T-lineage cells in the thymus until middle age, after which their percentage decreases. Similarly, in the spleen there is a steady trend for these cells to decrease in relative proportion with age. However, while the Sirpa 1 cDC decrease in proportion in the spleen, they increase in proportion in the ageing thymus. Previous studies have not investigated the changes in DC subsets in the ageing mouse thymus, whereas in the ageing human thymus it has been reported that there is a decrease in total thymic DC numbers, 48, 49 but no change in their relative proportion. 49 Although in these studies the different subsets of human thymic DC were not defined, in general they are consistent with the results from our studies, where the predominant DC population in the thymus, the CD8a 1 cDC, also decreases in numbers but not in proportion until after middle age.
Although little is known about the mechanisms involved in the changes in dendritic cell numbers and proportions in the ageing thymus, these changes are likely to be mediated through their different precursors, which may become defective in differentiation within the ageing animal. The CD8a 1 cDC subset arises intrathymically from an early thymic precursor population defined as CD4 lo Lin 2 CD25 2 cKit hi (reviewed in Ref. 50 ) which maintains DC and T-cell potentials within the thymic environment. 32, [51] [52] [53] [54] [55] There is a reduced number and frequency of early thymic precursors in aged mice 56 and in addition, their capacity to produce thymocytes is decreased. 56 Given that we saw a reduction in the number of CD8a 1 cDC in the ageing thymus, in proportion to the decrease in numbers of thymocytes, this indicates that as mice age, the reduced numbers of early thymic precursors still produce a normal ratio of thymocyte to DC. However, in aged mice the reduction in number of CD8a 1 cDC relative to thymocytes may be due to a deregulated differentiation capacity of these precursors, or due to a shorter lifespan of the DC. The different effects of ageing on the CD8a 1 cDC and Sirpa 1 cDC subsets in the thymus may reflect the different origins of precursor since the Sirpa 1 (CD11b 1 ) cDC are believed to be derived directly from the bloodstream. 28, 57 Therefore, the age-related increase in the frequency of these cells within the thymus may be due to extrathymic factors, such as alterations within their bone marrow precursors or the number of these cells in the circulation which have access to the thymus, or due to thymus-specific factors, such as altered migration into the thymus or available space in the thymus.
The ratio of CD8a 1 cDC to thymocytes may affect the efficiency of negative selection in the thymus. Indeed, the lifespan of the DC has been shown to be similar to the intrathymic lifespan of the T-cell lineages, 32 thereby indicating that T cells and CD8a 1 cDC develop in parallel from the same precursor in the thymus and the DC can mediate negative selection of developing thymocytes. In this study we have shown that the thymocyte to DC ratio remains constant in young to middle-aged mice, so there is potentially no loss of function for negative selection. It was only in aged mice that the proportion of CD8a 1 cDC was reduced. These observations are consistent with the findings that the ability to negatively select autoreactive T cells remains intact in 20-to 24-month-old mice, but potentially autoreactive T cells escape deletion in the very aged (30-to 36-month-old) mice. 58, 59 This may be due to a reduction in the percentage of thymic DC as we observed.
We demonstrated that as mice age there is no alteration in the expression level of the costimulatory molecules CD40, CD80 and CD86, or the antigen-presenting molecule, MHC class II, on the conventional DC subsets in thymus or spleen, nor on the thymic plasmacytoid DC.
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SLH van Dommelen et al 112 Figure 5 Changes in percentage and cell number of dendritic cell subsets within the thymus of castrated 5-and 10-month-old mice. The dendritic cell subsets are presented as (a) the total number of cells and (b) a percentage of thymocytes per thymus at 2, 4 and 6 weeks post-castration or sham castration. For 5-month-old mice data were determined from pooled samples of four organs, whereas for 10-month-old mice data were determined from individual samples (n58) and represented as mean6SEM.
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However, changes in expression of these molecules on splenic pDC were evident. This suggests that the functions of thymic cDC in aged mice are not altered, whereas such functions mediated by pDC may be affected. Importantly, we have clearly shown that castration-induced regeneration of the thymus results in an increase in the numbers of all three DC subsets within the thymus. This extends our previous studies, which evaluated the effectiveness of castration on haematopoietic stem-cell transplantation, and demonstrated a significant increase in the numbers of donor-derived DC (defined as CD11c high and/or MHC class II 1 ) within the thymus at 4 weeks following castration. 8, 23, 24 These results have positive implications for the clinical application of this thymic regeneration approach, indicating that the functions mediated by each DC subset will be maintained in the regenerating thymus, and the induction of autoimmune disease through failure of negative selection of self-reactive thymocytes or Treg induction should be avoided. Indeed, it has been shown that autoimmunity does not develop in castrated mice as far as 12 months post-castration (A. Chidgey, unpublished). Thus, the lag in the proportional increase of DC subsets seen at 2 weeks post-castration in both adult and middleaged mice, and maintained until 4 weeks in the adult mice, which is due to the overwhelming increase of T cells in the regenerative thymus, does not necessarily appear to impact negatively on T-cell regulation in the long term. It is possible that the DC to thymocyte ratio is sufficient to maintain the integrity of T-cell regulation during the lag phase, or in the event that autoreactive thymocytes escape into the periphery during this period, under regulatory mechanisms in the peripheral control of these cells. In line with this, we also observed an increase in the number of Tregs and enhanced Treg function postCx (Chidgey et al., manuscript in preparation), suggesting that the induction and maintenance of Treg cells by DC were efficient in these mice. Overall, our study demonstrated that parallelling the decline in thymocytes, numbers of thymic DC decrease with ageing. The castration-induced regeneration of the aged thymus increased the number of all DC populations, despite with different kinetics, the implication of which is yet to be determined, but is consistent with the reconstruction of a normal thymus which does not predispose to pathological conditions. In particular the parallel regeneration of thymocytes and thymic DC may be important to ensure that the regenerated thymocytes can be selected properly to prevent the development of autoimmunity. Further functional studies of the regenerated DC will be required to confirm this.
